Interbody cortical bone allograft use in lumbar spine procedures has grown tremendously in the past decade. Although not delineated by musculoskeletal graft type, the American Association of Tissue Banks reports a 267% increase in the number of musculoskeletal allografts distributed nationwide from 1994 to 2000 (Personal communication, American Association of Tissue Banks, 2001). Two organizations state that they ship between 90,000 and 200,000 processed allografts each year [17, 19]. The reasons for this increase are many, and probably include the enhanced awareness of organ donation through driver license programs, the ability to harvest allograft bone in much greater quantities than autograft bone [6] , the ability to precision machine the allografts to consistent dimensions, the increase in number of tissue banks and processing organizations, and the marketing efforts of the allograft organizations themselves.
formities in pediatric patients involving interbody allografts coupled with posterior instrumentation has proven to be a successful procedure with respect to maintaining correction and incorporation of the allograft [1, 3, 10] , in part due to the increased bone remodeling frequency in the pediatric population [7] .
Load sharing offered by adjunctive instrumentation may play a role in decreasing deleterious stresses at the allograft-host vertebral body interfaces, especially if acute postoperative loading is such that failure of the host bone occurs. The lower body weight and lesser muscle mass of the pediatric anatomy means less severe spinal loading compared to the adult spine. This lower loading may allow for the reduced size implant called for in the smaller pediatric spine, whose host bone strength also is reduced due to incomplete mineralization and lower apparent density, which combine to produce lesser strength. Thus, it is unclear as to whether interbody allografts are appropriate as stand-alone implants in the pediatric spine.
In fact, the use of interbody cortical bone allograft has not been investigated in skeletally immature spines in a controlled ex vivo laboratory setting. One issue that must be addressed prior to their use without adjunctive instrumentation is the ability of the pediatric host vertebral bodies to withstand compressive loads associated with activities of daily living. Therefore, the first purpose of this project was to compare the compressive load bearing properties of an interbody allograft when placed either anteriorly or posteriorly in immature (calf) or adult (cow) bovine cadaveric lumbar spine units. The mechanical behaviors of the immature spine allograft constructs were hypothesized to be similar to those of the adult spines. The second, yet primary, purpose of this project was to attempt to establish the use of bovine spines as comparable models for further studies of interbody allografts in humans. The motivation for this is the difficulty and expense associated with obtaining cadaveric human spines, especially pediatric specimens. To this end, a compressive strength-apparent density regression relation was constructed from the bovine data. Previously published values for the apparent density of human vertebral trabecular bone were entered into the developed regression relation to estimate their strength. These strengths were compared to compressive stresses expected to act on human vertebrae.
Materials and methods

Allograft description
The allograft selected for use in this project is the Tangent impacted cortical wedge ( Fig. 1 ; Regeneration Technologies Incorporated; Alachua, Fla.; represented by Medtronic Sofamor Danek (MSD); Memphis, Tenn.). The Tangent can be ordered in a variety of sizes; the size used for this project is the "12×20". This size corresponds to a height that tapers up from 12 mm at the impaction surface (i.e., the posterior surface if installed posteriorly) to 15 mm, and a mediolateral width of 10 mm maximum, and a length of 20 mm. These dimensions were quite variable in the samples received for this project. The Tangent has serrations on the superior and inferior surfaces. A threaded hole normal to the impaction surface allows for insertion with a threaded trocar.
Specimen preparation
Four skeletally immature juvenile bovine (calf) and four skeletally mature adult bovine (cow) cadaveric lumbar spines were obtained from slaughterhouses. The presence of cartilaginous endplates in the calf spines confirmed their immaturity, and the lack of such endplates in the cow spines confirmed their maturity. The precise ages of the animal donors are unknown, but their approximate ages are under 3 months for the calves and between 1 and 2 years for the cows. These are typical ages at which unwanted calves and beef cows arrive at slaughter. The degree of skeletal maturity for these age groups agree with the findings of a recent study on a classification system in use for feed cattle [14] .
Twenty-four (12 calf and 12 cow) functional spinal units (FSUs; L1-L2, L3-L4, and L5-L6) were stripped of musculature and their neural arches removed. This was done for ease of testing and because this project only concerned vertebral body behavior. Both ends of each FSU were seated at a small depth within a polyester resin potting compound (Lite Weight 3; Fibre Glass-Evercoat; Cincinnati, Ohio). The potting allowed the FSU to be loaded in a distributed manner over the entire endplate and prevented endplate motion in the transverse plane. The calf FSUs were randomly assigned to either of two groups, such that each group contained the same number of each FSU level (e.g., each group contained two L5-L6 FSU levels). One group was the ALIF (anterior lumbar interbody fusion) group and the other the PLIF (posterior lumbar interbody fusion) group. The cow FSUs were similarly distributed randomly. One calf FSU was destroyed in preparation, leaving six calf ALIF, five calf PLIF, six cow ALIF, and six cow PLIF FSUs for testing. After nondestructive compression testing of each FSU in the intact state, bilateral Tangent pairs were implanted according to the randomization scheme, and using the surgical protocol and instrumentation set provided. Briefly, this protocol involves discectomy, distraction, decortication of the host endplates, and implantation. All procurement and use of animal tissue was conducted with the approval of the Institutional Animal Care and Use Committee.
Mechanical testing
The potted intact FSUs were placed within specially designed loading platens mounted within the operating theater of a materials testing machine (MTS 858 Mini Bionix; MTS; Eden Prairie, Minn.). The platens allowed repeatable placement of each FSU within a horizontal plane so that the applied axial compressive loading for each FSU was at the same point in the intact and instrumented state. A rod with a spherical end, attached to the actuator of the testing machine, applied the compressive load via contact with a conformal spherical indentation in the top platen. Each intact FSU was preconditioned with ten cycles of haversinusoidal compressive loading with a period of 1 s and range of 100 N to 250 N. A haversinusoid is a sine function translated along the ordinate axis so that the minimum and maximum values are unequal in absolute magnitude and both greater than zero. This preconditioning was demonstrated in preliminary development tests to achieve a steady state condition with respect to hysteresis in the load-actuator stroke data. The intact FSUs subsequently were nondestructively tested in compressive load control at a constant rate of 10 N/s to a maximum of 700 N. After instrumentation with Tangents, the FSUs were axially compressed to failure in displacement control at a constant rate of 0.1 mm/s. All mechanical tests were performed under slow, quasistatic loading conditions. Applied load and actuator displacement data were acquired in all tests.
Trabecular bone apparent density
After failure testing, three calf and three cow FSUs were chosen for determination of apparent density. A 15-mm-thick slice was cut from the cranial or caudal end of each FSU using a diamondblade band saw (Gryphon; Sylmar, Calif.), then a 1-mm-thick slice was cut from the thicker slice using a precision band saw (EXAKT Apparatebau GmbH & Co. KG; Norderstedt, Germany). The slices were then cleaned of organic material through a series of two baths. The first was an immersion in a heated 50% enzymatic detergent solution (Enzol; Advanced Sterilization Products; Irvine, Calif.) for 2 h. This was followed by a polishing bath in 6% sodium hypochlorate (Publix; Lakeland, Fla.) for 15 min. The cleaned slices (Fig. 2) were then dimensionally measured using a custom area determination algorithm (MATLAB; The MathWorks; Natick, Mass.) and the thickness with a digital caliper. The area algorithm detected the perimeter of each slice using image analysis techniques to compute the enclosed area. Each hydrated slice was weighed without free water in the trabecular pores (the hydrated weight method) and apparent density ρ calculated from
where W is the hydrated slice weight, g is acceleration due to gravity, A s the slice area, and t the slice thickness. This relation gives a volumetric measure of apparent density (typical units of g/cm 3 ). A literature search was conducted using several relevant keywords (e.g., lumbar, trabecular, bone, density) and their variants to uncover reports on the apparent density of trabecular bone within the human adult and pediatric lumbar spine. This original search resulted in a host of papers, and their references led to even more, as is typical. The predominant method used to determine density was dual energy X-ray absorptiometry (DEXA) on living subjects. This method results in an areal measure of density (typical units of g/cm 2 ) rather than a volumetric measure. Since the apparent densities of the bovine vertebrae used in this project were measured directly using the hydrated weight method, a conversion from areal to volumetric density measures would have had to be performed to use these types of data. Such a conversion is not new and is discussed in papers on comparative densitometry [5, 12, 13] , and usually involves a factor based on a dimensional measurement of the vertebrae in the living subject or by direct correlation on laboratory samples. The remaining papers were selected by only considering those that used the hydrated weight method or quantitative computed tomography for apparent density determination.
Data reduction and analysis
A stiffness coefficient k was defined as the slope of the regression line through the applied compressive load and actuator displacement data between 300 N and 600 N (Fig. 3) from tests of the intact FSUs and after Tangent instrumentation. These coefficients are termed the intact stiffness k I and the Tangent stiffness k T . The ultimate failure load F U with the Tangent pair installed was defined as the peak load reached prior to an abrupt decrease in measured load. Otherwise, consolidation, compaction, and complete disintegration of the trabecular bone would occur if the test were allowed to proceed indefinitely, ultimately resulting in compression of the Tangents themselves. An ultimate failure strength σ U was defined as
where A T is the combined bearing areas of the installed Tangent pairs. The bearing area of each Tangent was determined using the custom area algorithm of arrays of individual images of each Tangent. Thus, the bearing area of a Tangent pair equals the sum of two bearing areas of the individual Tangents installed in each FSU. Statistical analyses were performed to determine the effects of the independent variables on the derived dependent variables (Table 1) and to determine distributional statistics. All statistical analyses were performed with commercially available software (StatView; Abacus Concepts, Inc.; Berkeley, Calif.). The specifics and temporal order of the analyses are detailed in the Results section. In some cases, data were pooled across independent variables after initial statistical analyses, so it is natural to present descriptions of the analyses along with the results.
Results
The results of the mechanical testing were as expected, in that the cow spines were stiffer and stronger than the calf spines (Table 2) . A full interaction analysis of variance (ANOVA) was performed first to test the significance of origin of insertion, maturity, and their interaction on the intact stiffness. Origin of insertion was found not to be a significant effect (P=0.759) within the calf or cow group. Maturity was a highly significant effect (P<0.0001) on the intact stiffness. The strength of the cow PLIF group exceeded the load capability of the testing machine (4, 890 N) , and in all probability far exceeded the capability, as the real time load-displacement data indicated no failure was imminent. Therefore, the failure load was conservatively set equal to the machine limit load, and failure strength derived from that value. It was decided that the cow ALIF group would behave similar to the cow PLIF group, hence, the cow ALIF tests were not performed. Unpaired t-tests revealed no significant effects of origin of insertion on the calf Tangent stiffness (P=0.426) or strength (P=0.311), further supporting the decision to perform only the cow PLIF tests. The first purpose of this project was thus achieved, namely, the comparison of the compressive load bearing properties of the Tangent in the ALIF and PLIF configurations.
In light of the insignificance of origin of insertion, these data were pooled so that direct comparisons could be made between calves and cows (Table 3) . Unpaired t-tests revealed highly significant differences (all P<0.0001) between calf and cow with respect to intact stiffness, Tangent stiffness, and strength, with the cow being significantly stiffer and stronger. The apparent density of the cow trabecular bone was significantly greater (P=0.0002) than that of the calf bone. Finally, intact stiffness, Tangent stiffness, and strength all regressed significantly as power laws with density. At least one apparent density value was found in the literature with the proper volumetric units for human pediatric and adult vertebral trabecular bone. Human adult densities were by far the most numerous. Quantitative computed tomography was used in one study [9] to determine an apparent density of 0.167 g/cm 3 for human pediatric L1-L2 vertebrae; the study population consisted of 45 pediatric patients less than 9 years of age. The hydrated weight method was used in another study [8] to determine an apparent density of 0.22 g/cm 3 for human adult L3-L4 vertebrae; the patient population consisted of 72 adults.
Discussion
The apparent densities determined in this project for bovine vertebral trabecular bone are similar to published data. The apparent density for the calf L3 vertebra has previously been reported [20] as 0.453 g/cm 3 using the hydrated weight method, compared to the mean value of 0.424 g/cm 3 found in this project. The apparent density of cow femoral condyle trabecular bone has previously been reported [4] as 0.60 g/cm 3 using the dry weight method, compared to the mean value of 0.869 g/cm 3 found in this project. The discrepancy here is probably due to the use of the dry weight method in the previous study, and the fact that the trabecular bone came from a different region of the cow skeleton.
As previously stated, the primary purpose of this project was to establish bovine spines as models for human spines with respect to the use of Tangents in humans. To accomplish this, a Tangent usage curve was developed for the human pediatric and adult spine, as follows. The usage curves represent the maximum allowable body weight (BW) of the patient as a function of activity level so as to prevent initial failure of the host vertebral bodies. The first step in the development of these curves was to determine the power law regression between strength and density for the bovine spine data, which was found to be σ U = 16.891ρ
1.1513 (3) Next, the human apparent densities found in the literature were substituted into the power law regression to estimate the strengths of the Tangent constructs in human spines (Fig. 4) . The strengths predicted for human spines from the bovine regression compare favorably to those derived from a human trabecular bone strength-density regression of a recent study (Table 4 ) [11] . Then, it was assumed that the largest Tangent pairs able to be installed into a pediatric spine would be size 20, and that the size 28 Tangents would apply to the adult spine. The nominal areas for a pair of these sizes are 300 mm 2 and 400 mm 2 , respectively. Lastly, an activity factor, AF, was defined as a factor that multiplies body weight to represent the severity of various activities of life. For example, an AF of 75% cor- Fig. 4 Power law regression on apparent density ρ and compressive strength σ U . The calf and cow data were determined in this project. The human pediatric and adult density data are from the published literature and were substituted into the power law responds to the percentage of body weight acting on the sacrum, which represents the absolute minimum compressive load on the sacrum in the absence of any muscular activity. Simply keeping one's balance will easily drive the AF above 100%. Other values for the AF are provided, adapted from a previously published analysis of compressive loads on the lumbar spine (Table 5 ) [2] . The maximum allowable body weight BW as a function of AF is given by:
A graphical representation of this relation is provided (Fig.5) . From this relation, for example, an adult weighing 712 N (160 lb) should be limited to activities for which AF is less than 1.66, so as to avoid trabecular bone failure. Similarly, a pediatric recipient weighing 267 N (60 lb) should be limited to activities for which AF is less than 2.42. Neither of the activities associated with these AFs would be considered rigorous. This AF analysis would seem to indicate no bending or lifting of any weight be allowed for human patients with Tangent pairs alone, in the early postoperative period before incorporation of the grafts has occurred. Of course, this simple AF analysis does not consider the variation in trabecular bone density found in humans (although it could, simply by including such variation in the strength-density relation), nor does it consider the load sharing provided by posterior elements of the spine (primarily in ALIF procedures) or by rigid segmental instrumentation. Such instrumentation is, in fact, recommended to augment the Tangent in a decompressive PLIF procedure in the adult spine, although not specifically detailed in the brochure describing the surgical technique [16] . 
Conclusions
The Tangent allograft significantly increases the compressive stiffness of the spine using bovine spine models. The strength of the Tangent construct in the cow spine was significantly greater than that of the calf spine. A method was established to relate the results from these bovine models to estimate the strength of a Tangent construct in the human pediatric and adult spine. The method was demonstrated to indicate the appropriateness of bovine spines as models for evaluating the acute postoperative behavior of interbody allografts in human spines provided a similar methodology is used to account for the greater density and strength of the bovine vertebral bone. This method indicated that additional rigid segmental instrumentation may be necessary to preclude vertebral trabecular bone failure for all but the most limited of activities. Such instrumentation has been advocated by some for the additional reduction in segment motion found in biomechanical studies [15] , but not by all [18] . Difficulties were encountered implanting Tangents into the smaller calf segments due to the relatively long length and radius of curvature of the allografts. Further testing using Tangents with a smaller radius of curvature may be necessary to examine fully whether these design changes will significantly alter the mechanical properties of the construct, together with adjunctive instrumentation. In summary, the Tangent allograft may be suitable for use in the pediatric population, provided that an appropriate size can be manufactured, postoperative activity levels can be contained, and with the continued recommendation for adjunct instrumentation.
